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I. IKTRODUCTIOH 
A. Use of Concrete as a Shield 

The process involving shielding had not been coispletely 
understood for many years after the ccmpleticn of the first 
reactor. Most energy and study had been applied to the re- 
actor core, and the simple empirical methods of shield de- 
sign could be utilized to give a workable and safe shield, 
even though it night be excessively heavy and expensive. At 
the present time, with the realization that nuclear power 
will have to compete with and eventually replace conventional 
power methods, the problem of low cost and low weight shield- 
ing has become quite important. 

A natural choice for shielding material exhibiting both 
qualities of low cost and low weight is concrete, and, con- 
sequently, it has become the most widely used material for 
reactor shielding. Its popularity has also been enhanced by 
its satisfactory mechanical properties as well as its ideal 
radiation shielding attributes. It contains hydrogen and 
other light nuclei as v/ell as nuclei of fairly high atomic 
number. The light elements moderate the neutrons, and the 
heavier elements absorb the gasmia radiation. Recent develop- 
ments have brought about the utilization of heavy concretes 
containing barytes and iron ore for additional gamma ray at- 
tenuation. 
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B, Noutron Attenuation 

The attenuation of fast neutrons in a shield can be at- 
tributed to three successive processes* 

1. Collision, either inelastic or elastic, and involv- 
ing significant change of direction or energy degradation 

or both (elastic forward scattering attenuates very little). 

2. Slowing down by many collisions, mostly elastic. 

3. Diffusion at or near thermal energy to absorption. 

A collision with hydrogen usually has nearly the effect 

of absorption, (qualitatively this is true because of the 
degradation in energy which accompanies the collision, com- 
bined with the rapid increase of the hydrogen cross secticn 
as the neutron energy decreases, which is shown on Figure 1. 

A small fraction of the initial collisions with hydrogen will 
give rise to neutrons having very nearly the source energy 
and almost their original direction. These neutrons will 
penetrate nearly as well as uncollided neutrons. 

A neutron may also collide with a heavy nucleus. There 
may result an approximately isotropic emission of neutrons 
with an energy spectrum which depends on the energy of the 
incident neutron. For energies below 1 mev, the scattering 
will usually be elastic, while, as the energy rises, the 
scattering becomes predominantly Inelastic. 

At low energies, with isotropic elastic scattering pre- 
dominating, a neutron collision changes the direction of the 
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Figure 1. Total cross-section of hydrogen 
Price (12, p. 117) 
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neutron effectively so that it gives a small contribution at 
the outside of a thick shield. 

At higher energies, about ono-half the total cross sec- 
tion of the heavy elements corresponds to small angle elastic 
deflections. 

These deflections are associated with the diffracted 
neutron shadow cast by the opaque nucleus. At low energies, 

1 to 2 Hev, this cross section may be treated as isotropic 
and therefore included as an absorption. At higher energies, 
the total shadow scattering is included in a small angular 
range and is ineffective in removing neutrons. 

In a thermal reactor, slcvi neutrons are much mere numer- 
ous than the fast components (Energy greater than .5 Mev), 
are more rapidly attenuated, and their effect is felt only 
in that portion of the shield in proximity to the source. 

They have, therefore, little to do with the calculations on 
required shield thickness, though they do play an important 
port in computing heat effects on the inner part of the re- 
actor shield. 

The processes by which fast neutrons are attenuated in 
thick shields are quit© complex. The exact calculations of 
t;he variation of fast neutron flux with shield thickness and 
the determination of the flux of neutrons of lower energy 
resulting from fast neutron collisions are dii'ficult mathe- 
matically. 
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A semi-ercplrical siothod which, iinder the proper condi- 
tions, giTres excellent results in predicting neutron attenua- 
tion was evolved by Albert and Wei ton (1). Their removal 
cross section theory takes into account the removal of fast 
neutrons due to reactions, capture, Inelastic scattering, and 
elastic scattering net in the shadow. The cenditiens under 
which this cross section may be used are the fcllowlng; first, 
the neutron source must have a fission spectrum, as shown on 
Figure 2, which has an average energy of about 2 Hev, Second- 
ly, the material must b© followed by a large thickness of 
hydrogenous faatcrial or must be intimately mixed with such 
material, Glasstone (6, p. 617) states that the weight of 
a shield must be at least 10 per cent water in order to pro- 
vide the minimu:a proportion of hydrogen for application of 
the theory. It has been shown that the fission spectrum 
falls off rapidly at high energies, while hydrogen is an in- 
creasingly efficient attenuator of neutrons as the energy is 
decreased. These two phenomena work to restrict to a narrow 
energy band those source neutrons respcnoible for the dose 
at large distances in a hydrogenous medium. Th© band lies 
in an energy region usually 6 to 10 Mev, depending on the 
material, where neutron collisions with many substances either 
have no significant effect on the neutron or act as tbsorp- 
tions. In these circumstances, the substances act as simple 
absorbers with apparent absorption or removal cross sections 
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NEUTRON ENERGY (MEV) 



Figure 2. Fission neutron energy distribution 
Murray (11, p. 57) 
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which are Independent of the thickness of the media. 

The removal cross section is determined by putting a 
slab of the material, for which the cross section is to be 
found, of X cm thickness in a tank consisting of z cm of 
water. If Dc(z) is the dose rate observed from a given 
source through the wator only, then tho dose rate D(a,x) 
from the same source for the shield consisting of water and 
slab will be 

D( 2 s,x) = e 

where p cm is the effective macroscopic removal cross 
section of the material v/hich is related to the effective 
microscopic removal cross section, 6"^, in the usual manner. 

The fast neutron removal attenuation length, the 

reciprocal of the macroscopic fast neutron removal cross 
section, is the distance for an e-fold reduction in the fast 
neutron flux. 
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II. BFVIE^/ OF LITEFiATW^E 

Hcckw<i>ll ( 33 ) discusses the pi’cpcrtics of various cor- 
crote shielding blocks and brick ccisrosed of different heavy 
aggregates. He states that the* niain purpose of cemmits is 
to provide hydrogen, bonding strength, and, if possible, a 
reasonably high density, 

Gallaher and Kitses (5) reported on the experimental 
prograffis which were ccrducted at the Oak Ridge haticnal 
Laboratory on Portland cement ccrcretts tested for suitability 
for reactor shielding. They listed the following deslrcsd 
properties necessary for effectiv© shields? 

1) High density to minimise tblcknass 

2) High hydroge?' content to ther:^allze Intermediate 
neutrons 

3 ) High centent of heavy elements for deeradaticn of 
fast neutrons as wsl2 as gamnia rays 

4) Low cost of ingredients 

5) Fase cf eiixing and placing the concrete. 

In addition, structural strength, stability under rg-^iaticn 
and stability under hot moist or dry ccndltiors were also 
considered. The article also discusses the handlin-- and 
pouring techniques to be used with heavy aggregate concrete 
as well as concrete® with hl^h water content. 

Price and Horton (12, p. 284) state that the total cross 
section per unit weight for fast neutrons is considerably 
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greater for light elciaents than for heavy elements; and it 
follows that the raost efficient fast neutron shields (on a 
weight basis) are those containing large asicunts of hydrogen. 
Ihe ssost obvious choice then, for an effective fast neutron 
attenuator, is water, and, even though nany laaterlals contain 
vnoTQ hydrogen per unit volusc, their use is governed by con- 
siderations such as flaHraability, 3 lability to radiation 
damage, and chersical and themal stability. 

An experiment to deterr^ine the effect of water in 
structural concrete on the attenuation of intermediate energy 
neutrons (epithermal tc 1 Mev) was conducted by Blizzard and 
Jollier ( 3 ). It was found that a 7 per rent water content 
is adequate to insure that intermediate energy neutrons be 
quickly slowed down to thermal energy where they are readily 
captured. The attenuation of the neutrons in the water 
moderated concrete shield was found to follow an exponential 
function with the fast neutron macroscopic removal cross 
section for the attenuation coefficient. A greater water 
content improved the over-all netitron attenuation according 
to the removal cross section theory. 

One of the oldest existing shields is the concrete 
shield around the Oak Bidge Paticnsl Laboratory Graphite Re- 
actor. This shield consists of a five feet thickness of 
bituminous painted concrete consisting of 16. 31^ Portland 
cement, 27*3^ haydite, 46. barytes, and 10:1 water, sard- 



I 







m 

1 1 



ipi 
>• « »< 
« i 
» I 



#np (pill ^Hl 

•iw««HMilllll^ <«M» «• lf»L^ IHUM 

i »^ itm »<^ar » 

<» ■* KM lawM M« M mmmtt 

rtaiD ^ 



« K • 



.m 

I « 



<•1 



^ 

^ I « h 1 



« p » •’«•««» | hn > «» 4 ^ 

« « M » • # 

fi 

» <# •» 






I ' 

rn * mi 



-!•* 

C . -, 



• «» 4 * 



I ^ 

t # 



-II 



• • * '* 
<«MI • 



•«! H 












♦ %* 



10 



wlched betyesn tw 1-fcot thicknesses o.f ordinary Portland 
concrete. An Investigation, of the physical properties cf the 
shield was perforned between Fobryary and July 1956, after 
the shield had been in place 12 years, and the results were 
reported by Blcsser end associates (h). The investigation 
showed that the chemical properties snd density cf the shield 
had net changed appreciably since a similar investigation 
aadc in 19-^3 when the water content was still nearly five 
times norrsal and no ra liaticn damage was detectable. The 
conpressivc strength was lover, hewev-r, rci-~binr e rsaxisjuta 
change of about 40, S near th© reflector shield interface. 

A report issued by th^ Housing and Home Finance agency 
(14) indlcn-c3 that haylite 5s ore of the b^st cf the light- 
weight aggregates, and that haydite concrete may be used in 
place of typical Tortland ceraor t ccncrate without discounting 
the design in any degree for strcK'’th, workability, and 
dui'-rbility. Furthsrnorc, it provides a saving in dead weicjht 
of about 
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III. IfiVi^IIGATICN 

The use of haydite (a light porous, calcined shale 
capable of absorbing large quantities of water) as an ag- 
gregate was studied to detcrjrdne the effect of the haydite 
and absorbed water on the fast and thcrnal neutron attenua- 
tion properties of mortars and concretes. 

V.ater is a good neutron noderatcr, and it has been shown 
that the large amount of water absorbed by the haydite may 
be retained over a long period of time if the concrete is 
properly coated. 

As was shown previously, in water there is a strong 
variation in total cross section with neutron energy; how- 
ever, the total cross section for Portland concrete docs not 
vary sc markedly for low and high energies, see Figure 3* 

The study of the neutron shielding effectiveness of 
haydite mortar and concrete consisted of two main parts. The 
first was the determination of the effect of changing the 
amount of haydite in the concrete and mortar on the shield- 
ing effectiveness. The second part was the determination of 
the neutron shielding effectiveness of a concrete containing 
a large percentage of haydite as a function of the amount of 
water absorbed. 
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IV. I.ii;UIPiCS2 AMI) MATIHIAL 
A, Radiation Source 

A plutoniuia-berylliun source containing 16 gra. of plu- 
toniina of approximately 1-curic strength provided the neutrons 
used in this study. I'he plutonium and beryllium were mixed 
together and sealed in a tantalum and stainless steel right 
circular cylinder of 1.35 in. height and 1.02 in. diameter. 

The average number of neutrons given off by this source is 

/■ 

1.65 X 10^ each second, and the energy distribution of the 
neutrons is shown on Figure 4. 

The source was placed on top of a i^ocdcn block which was 
inside a tight fitting teflon cylindrical container. The 
teflon cylinder fit tightly v/ithin the steel pipe housing 
of the original shipping container which was encased in 
paraffin on all sides but the top two inches. In this manner 
a vertical collimated source of neutrons was obtained, see 
Figure 5» 



B. Shielding Materials 

The shielding materials used were 2 by 2 by 4 inch 
mortar blocks. The composition of the blocks was varied by 
changing the weight of aggregate and sand in each mixture and 
keeping the total weight of all the components constant. The 
fabrication and composition of the blocks is discussed in the 
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Figure 4, Energy distribution of neutrons emitted 
from a plutonium-beryllium source (the 
area under the curve has been normalized 
to unity) 

Price (12, p. I5l) 
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Figure 5* Source housing and dc^tector 

A. !Teflon cylinder 

B. Paraffin surrounded steel pipe 

C. neutron counting tube 

E, Steel shipping container shrouded by cadiaium 
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section on proce<Iuros. A chor4ctl analysis cf the ccspcncnts 
was not obtained. However, Table 1 indicates the nerjaal 
ccispcsiticn of Portland cenjrt ard the assrned ccspcsiticn 
of the haydite aggregato used in the Oak Bidge graphite re- 
actor slield. 

Table 2 shows the s.^pregate ard nnnd particle distribu- 
tion as deternined by sieve ar-alysls. 



Table 1, Checiical coisrositicn of cenent and aggregate in 
per cent weight 





SiO^ 


'FejOj" 


AlpO^ 


CaO 


HgO 


Portland cement type I® 


23 




8 


63 


2 




SiOg 


AlpO^ 


CaO A1 


Ca 


Si 


Kaydit® aegrerate 


60 


16 


2b 2,5 


17. 


0 hg 



^Average values from Hunrerferd (9, p. 723)- 
^Blosser and associates (h, p, 7), 



C. Detector Apparatus 

The detector used was a standard H. C, Wood BF^ neutron 
proportional counter, catalog number G117h. The active count- 
ing volume was I in. in diameter and 6 in. in length. The 
3F^ gas was enriched to 96^ Boron 10 and was under a pressure 
of ho ca. Hg, A counter has a very high neutron de- 

tection efficiency. The total cross section, 6“ is 3960 
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Table 2. Grading of aggregate and sand. Sieve analyses, 
per cent by weight passing U. S. standard sieves 



No. 4 Ho. 8 


No . l4 


Ho. 28 


No. 50 


He. 100 


Sand 99 94 


75 


76 


9 


0 


Haydite aggregate 


1/2 in. 
IQO 


V8 Ir- 

9§ 


Ho. 4 
12 


Ho. 8 
0 



barns at neutron energies of .02$ ev. The ions which are 
counted come from the alpha particles produced by the fol- 
lowing reactions 

glO ^ ^ cK 

The proportional counting tube was connected directly to the 
input amplifying circuit of a Ivuclear-Chica o Corporation 
Model 186 decade scaler. The scaler contains a sensitivity 
control switch which requires the Input pulse to be larger 
than the value selected by this control in order to produce 
one count. The operating characteristics of the neutron 
counting circuit arc indicated by the curves of Figure 6. An 
operating voltage of 2100 volts and a sensitivity of 1 MV 
were selected from the plots to give operation in the plateau 
portion ol the curve. These settings were used vjith the 
counter throughout the study. 

A detector shield holder was used to position the BF^ 
tube over the center of the vertical collimated beam at the 
same position for each configuration of the shielding blocks. 
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OPERATING VOLTAGE (VOLTS) 

Figure 6» Operating curves for lined 

neutron counter ^ 
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It was also used to shield the tube froia neutrons that had 
been scattered around the shield. I’he shielding cf the de- 
tector frcffi scattered neutrons was accoiaplished because the 
holder was filled with paraffin, and cadmium was placed around 
the B?^ tube so that only neutrons entering the detector 
shield directly from the source through the shielding blocks 
would be counted, see Figure ?• Once the tube was properly 
positioned in the detector shield, it was sealed in with 
paraffin ard was not removed until the study was completed. 

D. Gccmetry 

A photograph depicting the general experimental layout 
is shewn in Figure 8. The dimensions of the apparatus and 
the arrangements used in the study are given in Figure 9. 

The shielding blocks were mounted on the source container 
barrel lid. The lid was fixed with small balsa wood strips 
so that the shielding blocks could be positioned directly 
over the source in the same position at every change. 

The detector holder shield was positioned so that a 
0. 88-in. gap existed between the top of the block and the 
bottom of the holder. This gap allov;ed a cadmium strip to 
be inserted between the block and the detector as well as 
facilitating the removal cf one block and allo\^ing it to be 
replaced by another without removing the detector holder. 
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Figure 7» Cross-section of neutron detector shield 
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The author vias also able to change blocks from a more pro- 
tected position with the use of forceps. 
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V, PROCEDURES 



As noted before, the composition of the shielding blocks 
was varied for this investigation. Six different mixtures 
were tested in all. The ccaposltlon of the six mixtures is 
shown in Table 3 and labeled A through I. In mixtures A 
through F a coarse aggregate was used. It was passed through 
a 3/8 in. screen but ccuid not pass through a Ho. 4 screen. 

In mixtures G, H, and I, a fine aggregate was used. It could 
pass through a Ho. 4 screen but not through a H’c. 8 screen. 

In all the mixtures an attempt was made to keep the percent- 
age by weight of cement and water constant, and to vary the 
amount of sand and aggregate but to keep the total weight 
percentage at a constant. An attempt was made to increase 
the coarse aggregate content of the blocks even more. Hov/~ 
ever, the resulting blocks were so honeycombed as to render 
them useless for testing. The 34.3bi^ fine aggregate siixture 
was also harsh and resulted in poor blocks that could not be 
used. The concrete blocks v;erc able to be used with a higher 
ass^regate content than the mortar blocks since better work- 
ability can be achieved for a given amount of water with a 
coarser aggregate (10, p. 52). 

The procedures used for mixing and casting the blocks 
were the same for ail mixtures. The ceraont and approximately 
one fourth of the sand and aggregate were thoroughly mixed. 
The sand and aggregate were both in a saturated surface dried 
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Table 3* Ccnposition of mixture 
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condition. 1i»ater was added, ana the siixture vms again mixc»d 
with a hand trowel. The remainder of the sand and aggregate 
was added in small asoimts and mixed. After all of the sand, 
water, and aggregate were added tc the cement, the mixing 
continued for several minutes tc insure uniform consistency. 

The machined steel mold used in casting the blocks con- 
tained twenty-four 2 by 2 by 4 inch compartments. Ten blocks 
were cast for mixture A and four blocks for each of the other 
mixtures. Th® compartments v/ere filled about one third full, 
rodded 25 times, and filled and rodded again two more times 
to fill the mold. An additional portion of the mix was spread 
over the top and worked down with the trowel; the excess was 
removed leaving the mix level with the top of the mold. The 
mold was covered with moistened burlap allowed to stand 
24 hours. Upon removal from the mold, half of the blocks 
from each mixture were stored in water, and the cthei’ half 
were stcr«&d in the air. The temperature varied between 82 
and 84^F and tho relative humidity varied between 20 and 26 
per cent during the period the blocks were drying. The water 
cured blocks v/ill be called standard blocks while these 
stored in the air will be referred to as air dried blocks. 

Figure 10 is a photograph showing tho surface condition 
of some of the test blocks. 

A sample of the aggregate i^as washed and dried at a 
temperature of 105®C, over night. A 24 hour water absorption 
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Figure 10. 



Photograph showing surface condition of soae 
of tho test blocks 
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test Vlas then performed, and the results shewed that the 
haydite absorbed 15.2 per cent, by weight, of the water. 

The bulk specific gravity of the aggregate was next 
determined, using standard test methods (2, p. 1233 )> on a 
50 KG sample in the saturated surface dry condition, k value 
of 1.69 vias computed. 

Three experimental arrangements vrere used to determine 
the relative intensity of fast and slow neutrons. The ar- 
rangements are depicted in Figure 8. Since the BF^ tube is 
capable of counting neutrons of all energies to some extent, 
a cadmium sheet vias placed on top of the block, as shown in 
arrangement 2, to absorb the slow neutrons (defined as 
neutrons of energy less than 0.025 ev). The slow neutrons 
were readily absorbed by the 0.037-in. of cadmium since cad- 
mium exhibits a high neutron absorption resonance in the lew 
energy region. It was calculated that the cadmium will 
capture over 99% of the incident slew neutrons. Since the 
readings in arrangement 1 are due to the counts recorded by 
the BF^ tube for neutrons of all energies, and the readings 
of arrangement 2 are due to the neutrons of energies above 
thermal, the difference in the two is the slow neutron coimt. 

A layer of paraffin was inserted between the cadmium and 
the detector in arrangemont 3 to determine the fast neutron 
count. The paraffin, which contains a large proportion of 
hydrogen, slov/od down part of the fast neutrons so that they 
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could be counted by the detector which is relatively in- 
efricient in detecting neutrens cf high energies. I'he paraf- 
fin also prevented those neutrons reflected and scattered 
from outside the shield into the detector from completely 
masking the relative fast neutron count. The higher count- 
ing rate also gave bettor counting statistics. Since the 
fast neutron counts v?ere taken under a different geometry 
than that used to determine the slew neutron count, a cor- 
rection had to be siade to the fast counts so that they could 
be compared to the slow counts. The fast neutron counts 
recorded were corrected by the ratio cf the squares cf the 
distances between the source and the detector. This ratio 
was computed to be 1.15. 

Keutron counts in all three arrangements were taken for 
all of the blocks on both the 7th and 28th day after they 
were cast, lach of the- five air dried blocks of mixture A 
was soaked a different length cf time, from five mirutes to 
heurs, before the seven day test, so that the counts could 
be recorded as a function of the absorbed water. For the 28 
day test, however, in order to get a better correlation, it 
was decided to soak all cf the five blocks from one rainuto 
to 24 hours and to remove the blocks at different time in- 
crements, determine the neutron counts, and return them for 
further soaking. 

The weight of the absorbed water in the standard and 
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water soaked air dried blocks of siixtura A was determinod by 
recording the weight of each block prior to the counts being 
taken and subtracting from this weight a new weight taken 
after the block was allowed to dry for a two week period 
follox^ing the tests. 

The volume of all the blocks was considered to be 
constant. After detoriaining the weight, the density oi"' each 
mixture for both the standard and air dried condition was 
computed in ga/cm^. 

During the testing, the detector was removed from the 
area near the source and a background count was taken. All 
counting data were corrected for the background. 

Since the maximum counting rate obtained in the testing 
was 4750 counts per minute, no correction was deemed neces- 
sary for counter dead time. 

Since the standard blocks were- px'one to lose their ab- 
sorbed water by evaporation if kept in the air for any length 
of time, the ccunting time was kept at five minutes for each 
arrangement to keep the evaporation at a minimum and to still 
yield good statistics. The standard blocks and the blocks 
used in the water absorption tests were all surface blotted 
before boing counted. 

The compressive strength of the blocks was determined 
80 days after casting. Two blocks from each mixture v;ero 
loaded in compression along the four inch length of the 
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blocks. The average ccispressivG strengths of the two blocks 
for each znixturo are reported in the Appendix. The standard 
blocks were returned to the water tank several hours before 
the compressive strength tests were conducted so that the 
blocks night regain srest of the water they had lost. 

A test was conducted to determino the effect of orienta- 
tion of the block on the counting rate. Two air dried blocks, 
one- of mortar and one of concrete, were sclectc-d at random 
and the counting rates were determined in their ncimal con- 
fi uratiens, threuA the two inch t‘ icknesses of the blocks. 
The blcc?cs were then rotated about the four inch axis and the 
counting rate v/as deternined for each of the other three 
pcciticns. The counting rates, shewn in the Appendix, in- 
dicate that with two exceptions in each block, the deviation 
between the ccimting rates was less than the standard devi- 
ation. The exceptions for the mortar deviated from the 
avervago counting rate by .?o5 and .9S9 per cent, and for the 
concrete, the deviation was .S?7 and .670 per cent. 

Another test was conducted to determine the roproduc- 
ibility of the counting rate in rencvlng and replacing the 
detector holder. Thct tost vjas conducted the coni'igura- 
tiens of arrangements 1 and 3. The data shown in the Ap- 
pendix indicate that for four runs in each configuration the 
deviation did not exceed the standard deviauion. 

A plastic 2 by 2 by 4 inch mold vvTaS constructed, filled 
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with water, and frozen, so that the counts on the resulting 
ice 'block could be coapared to the concrete and ncrtar 
blocks. The sane mold \ms also used to cast a paiaffin block 
which was also compared. The test results are recorded in 
the Appendix. 
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VI, EISULI3 AND DISCUSSION 
A, Effects of Changing Aggregate Content 

The neutron counts taken for the 7-<iay and 28-doy tests 
for the standard and air dried blocks of different mixtures 
are tabulated for the three arrangements in Tables 4 and 5» 
These counts were analyzed and separated into fast and slow 
neutron counts as shown in Tables 6 and ?• Plots of these 
counts are made for the concrete and mortar blocks in Figures 
11 through 18. 

It can be seen from these curves that the standard blocks 
are more effective in attenuating slow and fast neutrons than 
the air dried blocks. It was found, on the average, that the 
standard blocks were 24,? per cent more effective than the 
air dried blocks in slow neutron attenuation, and 6.4 per 
cent more- effective in fast neutron attenuation. 

The standard concrete blocks were found to be slightly 
more effective in attenuating the neutrons than the standard 
mortar blocks. The concrete was, on the average, 4.5 per 
cent mere effective in attenuating slow neutrons and 1.1 per 
cent more effective in attenuating fast neutrons. 

The reason the standard blocks exiiibit better neutron 
attenuation properties than the air dried blocks is due to 
the large amount of water absorbed in the standard blocks, 
see Tables 6 and ?• ft can also be seen that the standard 
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Figure 11. Slow neutron counts for standard concrete blocks 
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Figure Fast neutron counts for standard concrete blocks 
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Figure 17 * Fast neutron counts for air dried concrete block; 
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Figure l8. Fast neutron counts for air dried mortar blocks 
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Table 4 , 


7 day test data 








iiixture 


Arrangement 


Counts 


Time 

min. 


Counting 
rate (R) 


Backgroimd 




7198 


67 


107 ± 1 


Standard 


A 


1 


18053 


5 


3504 i 27 


E 




17546 


5 


3402 +27 


C 


i 


18021 


5 


3497 ± 27 


D 


1 


17629 


0 


3419 + 27 

3546 + 27 


E 


1 


18265 


5 


F 


1 


13579 


5 


3609 + 27 


G 


1 


18481 


5 


3589 + 27 


H 


1 


18184 


5 


3530 ± 27 


I 


1 


18837 


5 


3660 + 27 


A 


2 


6134 


5 


1120 + 16 


B 


2 


6126 


5 


1118 + 16 


C 


2 


6135 


5 


1120 + 16 


D 


2 


6019 


er 

y 


1097 + 16 


E 


2 


6044 


5 


1102 + 16 


p 


2 


7471 


5 


1187 16 


G 


2 


5969 


P 


1087 + 15 


H 


2 


6205 


5 


1134 + 16 


I 


2 


6032 


5 


1099 1 15 


A 


3 


9249 


5 


1743 + 19 


B 


3 


9291 


5 


1751 + 19 


C 


3 


9899 


5 


1693 + 19 


D 


3 


9374 


5 


1768 t 19 


E 


3 


8956 


5 


1684 + 19 


F 


3 


9325 


5 


1758 + 19 


G 


3 


9381 


5 


1769 ± 19 


H 


3 


9286 


5 


1752 19 


I 


3 


9360 


5 


1765 I 19 


Air dried 


A 


1 . 


22103 


5 


4314 ± 30 


B 


1 


21844 


5 


4262 + 30 


C 


1 


21736 


P 


4240 + 30 


D 


1 


22325 


5 


4358 1 30 


jj 


1 


21926 


5 


4278 + 30 


F 


1 


22731 


5 


4439 + 30 


Q 


1 


20279 


5 


3949 I 28 


H 


1 


20546 


5 


4002 + 28 


I 


1 


20829 


5 


4059 t 29 


A 


2 


6014 


5 


1096 + 16 


B 


2 


6181 


5 


1129 ± 16 
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Table 4 . (Continued) 



^llxture 


Arrangement 


Counts 


Time 

min. 


Gcunting 
rate (K; 


C 


2 


6042 


5 


1101 + 16 


D 


2 


6406 


5 


1174 + 16 


E 


2 


6465 


5 


1186 16 


F 


2 


6809 


5 


1255 ~ 16 


G 


2 


6811 


5 


1122 +15 


K 


2 


6434 


5 


1180 1 16 


I 


2 


6216 


> 


1136 + l6 


A 


3 


9660 


5 


1325 + 20 


B 


3 


9584 


5 


ISIO ~ 20 


C 


3 


9861 


5 


1865 ^ 20 


D 


3 


9939 


5 


1881 + 20 


B 


3 


9936 


5 


1880 + 20 


F 


3 


10101 


5 


1913 + 20 


G 


3 


9573 


5 


1808 + 19 


H 


3 


9869 


5 


1867 -*■ 20 


I 


3 


9620 


5 


1817 1 19 



Table 5 . 


28 day test data 






i 4 ixture 


Arrangement Counts 


Time 


Counting 




min. 


rate (H) 



Background 

Standard 




3242 


60 


54 


+ 1 


A 


1 


17848 


5 


3516 


+ 27 


B 


1 


18054 


5 


3557 


+ 27 


C 


1 


18245 


5 


3595 


+ 27 


D 


1 


18237 


5 


3594 


~ 27 


E 


1 


17969 


5 


3540 


7 27 


F 


1 


18615 


5 


3669 


7 27 


G 


1 


17946 


5 


3535 


7 27 


H 


1 


18195 


5 


3585 


+ 27 


I 


1 


18253 


5 


3597 


7 27 


A 


2 


5869 


5 


1120 


+ 15 


B 


2 


5855 


5 


1117 


15 


C 


2 


6099 


5 


1166 


+ 16 


D 


2 


6299 


5 


1206 


I 15 


L 


2 


5754 


5 


1097 


+ 15 


F 


2 


6285 


5 


1203 


+ 16 


G 


2 


5770 


5 


1100 


1 15 



0 




I 
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Table 5» (Ccntinued) 



Mixture 


Arrangement 


Counts 


Time 

min. 


Counting 
rate (R) 


H 


2 


5412 


5 


1028 + 15 


I 


2 


5S45 


5 


1115 1 15 


A 


3 


8801 


5 


1706 19 


B 


3 


9028 


5 


1752 + 19 


C 


3 


9089 


5 


1764 + 19 


D 


3 


8996 


5 


1745 ± 19 


E 


3 


9052 


5 


1756 + 19 


F 


3 


9309 


5 


1808 + 19 


G 


3 


9044 


5 


1755 ± 19 


K 


3 


9295 


■? 


1805 + 19 


I 


3 


9260 


5 


1798 + 19 


Air dried 


A 


1 


22324 


5 


4421 + 30 


B 


1 


23405 


5 


4627 + 30 


C 


1 


24030 


5 


4752 I 31 


D 


1 


22698 


5 


4526 + 30 


Jtii 


1 


22775 


5 


4501 ~ 30 


F 


1 


23087 


5 


4563 I 30 


G 


1 


22569 


5 


4460 + 30 


H 


1 


22353 


5 


4417 + 30 


I 


1 


22465 


5 


4439 i 30 


A 




5835 


5 


1113 t 15 


B 


2 


6101 


5 


1166 + 16 


C 


2 


6512 




1248 + 16 


D 


2 


5935 


5 


1133 i 15 


E 


2 


6501 


5 


1246 + 16 


F 


2 


6446 


5 


1235 t 16 


G 


2 


6344 


5 


1215 + 16 


H 


2 


6035 


5 


1153 1 15 


I 


2 


5777 


5 


1101 + 15 


A 


3 


9691 

9451 


5 


1884 + 20 


B 


3 


5 


1836 7 19 


C 


3 


9954 


5 


1937 ± 20 


D 


3 


9736 


5 


1893 20 


L 


3 


9481 


5 


1842 + 19 


F 


3 


9869 


5 


1920 "i- 20 


G 


3 


9S0if 


5 


1907 + 20 


H 


3 


9961 


5 


1938 + 20 


I 


3 


9964 


5 


1939 ~ 20 



KQ 



Table 6. 7 day alow and fast neutron ccimta 



fixture 


Per cent by 
weight of 
absorbed 
water 


3101/ neutron 
counting rate 


Fast neutron 
counting rate 

(1.15 X 


Standard 

A 


18.2 


2384 


Hh 


31 


2005 


+ 22 


B 


18.4 


2284 




31 


2020 


~ 22 


C 


14.4 


2377 


7 


31 


1950 


+ 22 


D 


15.8 


2422 


7 


31 


2035 


+ 22 


iZi 


14.0 


2445i 


i 


31 


1940 


+ 22 


F 


12.9 


2422 


jh 


31 


2020 


“ 22 


G 


18.3 


2502 


7 


31 


2037 


+ 22 


li 


13.6 


2396 


•u 


31 


2018 


+ 22 


I 


14.0 


2561 




31 


2030 


± 22 


Air dried 
A 


3218 




34 


2100 


+ 22 


B 




3133 


T 


34 


2083 


~ 22 


C 




313? 


E 


34 


2145 


+ 22 


D 




3184 


T 


34 


2165 


+ 22 


E 




3092 


T 


34 


2164 


~ 22 


P 




3184 




34 


2200 


+ 22 


G 




2827 


7 


32 


2079 


+ 22 


H 




2822 


T 


33 


2149 


+ 22 


I 




2923 


T 


33 


2091 


“ 22 



^ Subscripts r efer to the arrangonients in Figure 8. 

^ _ x4.,._counts 

' in minutes * 



concrete blocks absorbed slightly more i^'atei* than the standard 
tsortar blocks, arxd they will, therefore, be more effective 
than the mortar blocks. 

The curves Indicate that in the standard blocks there 
is little increase in neutron attenuation as the aggregate 
content is increased. The small negative slopes of Figures 
9, It- and 15 are due to the increased water content of the 
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Table 7* 2S day slow ar4 fast neutron counts 



Mixture Per cent by 
weight of 
absorbed 
water 



Slow neutron 



counting rate 



Fast neutron 
counting rate 



(1.15 X 



Standard 



A 

B 

C 

D 

h 

F 



G 



H 

I 



18.2 

18.4 

14.4 

15.4 

13.1 
IvO.9 

18.1 



1^.3 

14.0 



Air dried 
A 
B 
C 
D 
E 
F 
G 
H 
I 



2396 t 31 
2440 'i- 31 
2429 1 31 
2388 + 31 
2443 + 31 
2466 + 31 
2435 I 31 
2557 ± 31 
2482 + 31 



3308 + 3^ 
3461 t 34 
3504 + 34 
3393 ± 3^ 
3255 ± 34 
3328 + 34 
3245 i 34 
3264 + 34 
3338 1 34 



1960 ± 22 
2015 + 22 
2025 ~ 22 
2005 + 22 
2020 + 22 
2078 + 22 
2019 + 22 
2070 + 22 
2068 + 22 



2176 + 23 
2110 22 
2225 + 23 
2180 + 23 
2120 ± 22 
2208 + 23 
2191 I 23 

2230 ± 23 

2231 ± 23 



^Subscripts refer to the arrangements in Figure 8. 
(5" ■ v / c'cunliii “• • 

'Vfcime in minutes * 



blocks at the higher aggregate content. 

The scattering of the points on the plots is due to the 
large statistical deviations resulting from the short dura- 
tion of the counting time. 

The air dried mortar blocks are seen to have a larger 
shielding effectiveness than the air dried concrete blocks. 
The reason being that for a given cement content, the larger 
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the agrregate sise, the lower the water requiresients , so each 
siortar blccK' will contain racre water thin tha comparable 
concrete block and attennsto the neutrons more effectively. 

The count rate for the 7 day test w-is in all cases lower than 
the rates for the twenty eight day tests in tho air drie«3 
blocks. This was du© to the lo^s of water by evaporsticn 
in the twenty ono day incrcraent between tests. A larger 
percenta/je of water will evaporate for a “iven length of tisse 
In the ssertar blocks, again due to the larger surface area 
of the fine aggr^fgat©? consequently, the curves of Figures 
13 ard 17 ars separated a greater distance than tho curves 
of Figures 12 and I 6 at the hi-'hor aggregate contents. 

It can b© shcvfn, by utiliaation cf tho removal cross sec- 
tion concept, why th«*'re was such a smll gain in fast neutron 
attenuation effectiveness in using the standard concrete 
blocks, centairdng high pcfrcentagea of haydite aggregate, 
cespared to the concrete blocks of the mixture without the ag- 
gregate. Goldstein (8, p. 265) states that a corollary of 
the remo^'a! cress section concept is that tho removal cross 
sections of mtcTials nixijd together aro additive. This 
property was used by Price end iiorton (12, p. 262) ard by 
Blizaard and Hiller (3j p. 22) in calculating the average fast 
neutron relaxation longth,t^1 j,, for different concretes. The 
length for a typical ordinary Portland concJ'Cte with density 
of 2.3 fJJs/co^ was computed to be 10.6 cm by Price, ard r. 
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length of 11,3 was calculated by Elizsard fer dry crdlnary 
concrete with density equal to 2.39 €-s/ca^. 

V/ith the values for the chersieal compositicn of the- 
Pcrtland c«is*.nt and haydite agt;rcgat6 listed in tTable I as- 
sinscd correct, and with the further asstmption that the 
coapesitien of the sand used in the blocks was 75 per cent 
SiOg and 25 per cent K Al Si^ 0^, a valtie for was ccis- 

puted for an air dri#d block of niixturc A in Table 8. This 
value, times the density of the block, will yield ^ „s 

A 

2 r “ X ^ = .03816 X, 1.84 = ,0702 cn*^ 

and ^ = I/£ j. = I/.0702 = lb. 2 cn . 



Table S. Detensination of a dry concrete of 

mixture A ^ 



Ilenent Concentration 



/<? 

IsetZhI! 



wt.^ 

^Jjssl/sL— 



H 



1.05 



5.98 X 10 



-2 



0 


42.49 


Si 


36.30 


Al 


4.88 


Fe 


.44 


Ca 


12,88 


Hg 


.19 


K 


1.9 



3.7s X 
3.01 X 10**^ 
2.92 X 10“^ 
2.1b % 

2.43 X 10“*^ 

3.33 X 10"’^ 

2,47 X 10“^ 
Total 



.627 X 10“^^ 

1.580 X 10“^ 

1.092 X 10“^ 

.143 X 10”^ 

.009 X 10**^ 
.312 X 

.006 X 10~^ 

.047 T 10"^ 
3.S16 X lO'*^ 



^Blizzard and liillcr (3, P* 22 ) 
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A new value of for the block cf mixture A, after 

absorbing 18 per cent, by weight, water was computed on Table 
9 and found to be .04758 ca^/g. ^ j.j for the new density of 
2.17 g/cm^, will then be equal to: 

.04758 X 2.17 - .1033 

and 

A.^ = 1/.1033 « 9.68 cm . 



Table 9. 


Determination of ^ for th© 
A with 18^ absorbed water 


concrete of mixture 


Element 


Concentration 


Wt.^ 

(cm^/g) 


H 


2.58 


1.55 X lO"^ 


0 


49.60 


1.84 2c 10~^ 


Si 


30.77 


.93 X 10"^ 


A1 


4,13 


.12 X 10-^ 


Fe 


.37 


.008 X lO"^ 


Ca 


10.90 


.265 X 10”^ 


Mg 


.16 


.005 X 10*^ 


K 


1.61 

Total 


.040 X 10"^ 
4.758 X 10"2 



It can now be seen that the relaxation length of 9»b8 
cm for Block A with l8 per cent absorbed water does not in- 
dicate much more shielding effectiveness than a typical 
ordinary Portland concrete block with a relaxation length of 
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10.6 era. 



B. Effects of Absorbed Water 

The neutron counts taken for the 7 and 28 day absorbed 
water tests of the blocks of fixture A v/ere tabulated on 
Tables 10 and 12. The analysis of the counts separated into 
the fast and slow neutron counts are shown on Tables 11 and 
13 • Plots of these counts are made for the concrete and 
raortsr blocks in Figures 19 through 22. The slow and fast 
neutron count rates for the ice arid pax’affin blocks were also 
plotted on the figures. 

All of the curves indicate that as the percentage of 



Table 10. 7 day absorption test data 



Arrange- 

raent 


Absorbed water 
(per cent by 
weight) 


Counts 


Counting 

time 


Het counting 
rate 


1 


0 


22106 


5 


4207 


•f 30 


1 


7.74 


19466 


5 


3736 


+ 28 


1 


8.44 


19277 


5 


3748 


+ 28 


1 


11.70 


I84l6 


5 


3576 


+ 27 


1 


15.40 


18045 


5 


3498 


1 27 


0 


0 


6015 


5 


1096 


+ 16 


2 


7.74 


6498 


5 


1193 


+ 16 


2 


8.44 


6533 


5 


1200 


+ 16 


2 


11.70 


6340 


5 


1161 


+ 16 


2 


15.40 


6024 


5 


1095 


I 15 


3 


0 


9770 


5 


1847 


+ 20 


3 


7.74 


9510 


5 


1795 


+ 20 


3 


8.44 


9550 


5 


I803 


+ 20 


3 


11.70 


9350 


? 


1763 


~ 19 


3 


15.40 


9275 


5 


1745 


+ 19 
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Figure 19. Slow neutron counts for 7 <iay water absorption test 
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Figure 20. Slox^ neutron counts for 28 day water absorption test 
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Figure 22. Fast neutron counts for 28 day 
water absorption test 
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Table 11. Slow and fast neutrons, 7 day absorpticn test 



Absorbed water 
(per cent by 
weight ) 


Slew neutron 
counting rate 


Fast neutron 
counting rate 


0 


3111 t 3^ 


2121 + 23 


7.74 


2593 ± 32 


2062 + 23 


8.44 


2548 + 32 


2073 ± 22 


11.70 


2415 t 32 


2025 Z 22 


15.40 


2403 1 31 


2005 + 22 



absorbed water is increased, the neutron shielding effective- 
ness is also increased. A comparison of the relaxation length 
for th© air dried block, 14.2 cm, with the length for the 
same block with 18 per cent absorbed water, 9»68 cm., would 
indicate that the trend follows the removal cross section 
theory. 

Price (12, p. 285) states that the relaxation length 
for water for the fast neutron group is around 10 cm. , hence, 
block A with 18 per cent absorbed water and the lower re- 
laxation length of 9.68 cm. should be a bit more effective 
as a neutron shield than water. The count rates for the ice 
block shewn on the curves, however, are much larger than 
shoiild be expected. This can be explained by the fact that 
the ice block was melting during the test, losing 5 grams of 
weight, and, therefore, decreasing its shielding effective- 
ness. Also its weight prior to the test, 211.9 grams, was 
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Table 


12. 28 day absorption teat da 


ta 






Block 


Arrange- 

ment 


Absorbed 
water 
(per cent 
by weight) 


Counts 


Counting 
time 
(nln. ) 


Ret counting 
rate (CPK) 


1 


1 


0 


23I67 


5 


4538 


± 30 


2 


1 


0 


22663 


5 


4438 


+ 30 


3 


1 


0 


22310 


5 


4367 


I 30 


k 


1 


0 


22578 


5 


4421 


1 30 


1 


1 


5.94 


20060 


5 


3917 


+ 28 


2 


1 


6.05 


20120 


5 


3929 


+ 28 


3 


1 


5.90 


19955 


5 


3896 


•+• 28 


k 


1 


6.51 


19319 


5 


3769 


+ 28 


1 


1 


8.78 


19383 


5 


3782 


+ 20 


2 


1 


8.47 


18984 


5 


3702 


■<' 26 


3 


1 


8.29 


18907 


5 


3687 


+ 28 


4 


1 


8.20 


18655 


5 


3637 


± 27 


1 


1 


9.60 


19089 


5 


3723 


+ 28 


2 


1 


9.25 


18514 


5 


3608 


+ 27 


3 


1 


9.87 


18768 


5 


3659 


T 27 


4 


1 


9.48 


18574 


5 


3620 


T 27 


1 


1 


18.60 


17989 


5 


3503 


I 27 


2 


1 


18.65 


17422 


5 


3389 


26 


3 


1 


18.35 


17776 


5 


3460 


+ 27 


4 


1 


18.25 


17721 


5 


3449 


I 27 


1 


2 


0 


6344 


5 


1174 


+ 16 


2 


2 


0 


6079 


5 


1121 


+ 16 


3 


2 


0 


6463 


5 


1196 


16 


4 


2 


0 


6039 


5 


1113 


+ 16 


1 


2 


5.94 


6194 


5 


1144 


+ 16 


2 


2 


6.05 


6272 


5 


1159 


I 16 


3 


2 


5.90 


6231 


5 


1151 


+ 16 


4 


2 


6.51 


5778 


5 


1061 


I 15 


1 


2 


8.78 


5999 


5 


1105 


± 16 


2 


2 


8.47 


6216 


5 


1148 


+ 16 


3 


2 


8.29 


6344 


5 


1174 


+ 16 


4 


2 


8.20 


6108 


5 


1127 


1 16 


1 


2 


9.60 


5989 


5 


1103 


+ 16 


2 


2 


9.25 


5742 


5 


1053 


± 15 


3 


2 


9.37 


5713 


5 


1048 


15 


4 


2 


9.48 


5798 


5 


1065 


± 15 


1 


2 


18.60 


5868 


5 


1079 


t 15 


2 


2 


18.65 


5760 


5 


1057 


+ 15 


3 


2 


18.35 


5064 


5 


107s 


i 15 


4 


2 


13.25 


6249 


5 


1155 


t 16 
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Table 12. (Continued) 



Block 


Arrange- 

ment 


» Absorbed 
water 
(per cent 
by weight) 


Counts 


Counting 
time 
(min. ) 


Bet countln 
rate (CPM) 


1 


3 


0 


9839 


5 


1871 


+ 20 


2 


3 


0 


9905 


5 


1884 


+ 20 




3 


0 


9677 


5 


1838 


+ 20 


4 


3 


0 


9961 


5 


1896 


+ 20 


1 


3 


1.45 


9775 


5 


1857 


+ 20 


2 


3 


4.13 


9638 


5 


1828 


+ 20 


1 


3 


6,78 


9445 


5 


1793 


I 19 


2 


3 


8.47 


9432 


5 


1787 


+ 19 


3 


3 


8.29 


9281 


5 


1757 


~ 19 


k 


3 


8.20 


9483 


p 


1802 


t 19 


1 


3 


9.60 


9251 


5 


1754 


+ 19 


2 


3 


9.25 


9368 


5 


1778 


± 19 


b 


3 


9.87 


9281 


5 


1759 


+ 19 


4 


3 


9.48 


9384 


5 


1782 


t 19 


1 




18.60 


9078 


IT 

/ 


1718 


+ 19 


2 


3 


18.65 


9276 


5 


1758 


t 19 


3 


3 


18.35 


9058 


5 


1715 


L 19 


4 


3 


18.25 


9338 


5 


1770 


± 19 


Background 




5703 


60 


95 


t 1 


much less than 


that expected 


for a 2 


by 2 by 4 


inch 


block, 



which should be around grams, so a valid comparison can 
not be made. 

The fast neutron relaxation length for paraffin v.>ax was 
computed to be approximately 7 cm. , Indicating that it should 
be a bit mere effective as a fast neutron shield than the 
block with l8^ water. The position of the count rate line 
for the paraffin on Figures 21 and 22 would tend to sub- 
stantiate the calculation. 

In the attenuation of slow neutrons, however, Figures 
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Table 13 . Slow and fast neutrons 28 day water absorutlon 
test 





Slow neutrons 






Fast neutrons 


Block 


Per cent 
absorbed 
water 


Counting 

rate 


Mock 


Per cent 
absorbed 
water 


Counting 

rate 


1 


0 


3364 + 3^ 


1 


0 


2155 ± 23 


2 


0 


3317 i 34 


2 


0 


2175 i 23 


3 


0 


3169 + 34 


3 


0 


2115 + 23 


4 


0 


3308 ± 34 


4 


0 


2180 + 23 


1 


5.9^ 


2773 + 31 


1 


1.45 


2135 ± 23 


2 


6.05 


2770 i 31 


2 


4.13 


2110 + 23 


3 


5.90 


27^5 ± 31 


1 


8.76 


2062 + 22 


4 


6.51 


2708 + 31 


2 


8.47 


2055 + 22 


1 


8.78 


2677 i 31 


3 


8.29 


2020 + 22 


2 


8. 47 


255^ 1 31 


4 


8.20 


2075 + 22 


? 


6.29 


2513 t 31 


1 


9.60 


2019 ~ 22 


4 


8.20 


2510 i 31 


2 


9.25 


204l T 22 


1 


9.60 


2520 + 31 


3 


9.87 


2021 7 22 


2 


9.25 


2555 ± 31 


4 


9.48 


2051 + 22 


3 


9.87 


2611 ->• 31 


1 


18.60 


1975 22 


4 


9.48 


2555 ± 31 


2 


18.65 


2019 ~ 22 


1 


18.60 


2424 ^ 31 


3 


18.35 


1971 + 22 


2 


18.65 


2332 I 31 


4 


18.25 


2035 “ 22 


3 


18.35 


2382 + 31 








K 


18.25 


2294 + 31 









19 and 20 indicate that the paraffin block is not as effective 
as a concrete block containing over 9 por cent absorbed water. 

To deteriaine if the neutron level decreased exponential- 
ly with the addition of water, the curves were also plotted 
cn seniilog paper on Figure 23. The resulting curves show 
that the slow neutron attenuations may be approximated very 
closely by a straight line on the plot, and that the fast 
neutron attenuation docs fellow a straight line plot. The 
28 day fast neutron attenuation curve was found to fit the 
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Figure 23 . Neutron counts for v;ater absorption tests 
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followin2 equations 

y = 2X50 

vjhere y is equal to the counting rate, and x is equal to the 
per cent of absorbed water. The 28 day slew neutron attenu- 
ation line was found to fit an equation of the following 
S'ovrti 

y = 

The addition of 18 per emit water was fourd to decrease 
the slew neutron counts 28.1 per cent, and the fast neutron 
counts 3.61 per cent for the twenty eight day test. 

Goldstein (8, p. 99) states that a strict 1/v detector 
measures neutron density and not flux, and, consequently, 
in order to convert the readings from such a detector to flux 
they nust be multiplied by some appropriate speed for the 
nc-utrerts. Sine* the B (i^ , <X) reaction of the detector 
used in this study satisfies the X/v law, ace Glasstone and 
idlund (7, p. 57) j the count rates for the tests of this 
study may be assumed proper tj.onal to the neutron flux. 
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VII. COKCLUSIOKS 

The following conclusions seem Justified ceneerning the 
neutron shielding effectiveness of the mixtures and materials 
used under the conditions of this study, 

1. There seems to be little advantage in using con- 
cretes and mortars containing high percentages of haydite 
aggregate over an ordinary typical Portland concrete in 
neutron shielding effectiveness. 

2. A neutron shield consisting of standard blocks will 
be more effective than one consisting of air dried blocks. 

The standard blocks are approximately 24.5 p*3sr cent more ef- 
fective in slow neutron attenuation and approximately 6.4 
per cent more effective in fast neutron attenuation than air 
dried blocks. 

3» viflth haydite aggregate, standarci concrete is more 
effective than standard mortar for neutron shielding. The 
concrete will be approximately 4,5 per cent more effective 
in shielding slow neutrons and 1.1 per cent more effective 
in shielding fast neutrons than a mortar. 

4. In the air dried condition, with haydite aggregate, 
a mortar will be a mere effective neutron shield than a con- 
crete. 

5. As the water content of a concrete is increased, the 
neutron attenuation will increase exponentially. The addi- 
tion of 18 per cent water v/ill decrease the slow neutron flux 
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by approximately 28.1 per cent and the fast neutron flux by 
approximately 8.61 per cent. 

6. The fast neutron removal theory seems to yield valid 
results when used in predicting the change in shielding ef- 
fectiveness of a concrete as the constituents of the concrete 
are changed. 

7. The fast neutron removal theory v/ill also predict 
the change in shielding effectiveness of a concrete for dif- 
ferent amounts of absorbed water up to the maximum used in 
this study, 18 per cent by weight. 
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VIII. 3UGGISTI0K3 FOB FIBTHm STUDY 

It was found in this study that the removal cross sec- 
tion theory v/as valid in predicting the fast neutron attenu- 
ation of concrete blocks containing absorbed water. A 
further study should be undertaken to determine if the theory 
remains valid in predicting the attenuation for even larger 
amounts of absorbed water. The lower limit of required vmter 
should also be determined for the continued validity of the 
theory. 

Another useful study cculd bo made of the gamma ray 
attenuation properties of haydite concrete in comparison with 
typical ordinary Portland cement concrete. 

A study should also bo made of the advantages of retain- 
ing v?ator of crystallization, as in conventional concrete, 
compared with the retention of uncombined water absorbed in 
a spongy structure. The temperature at which the vnatci* of 
crystallization is lost might v/ell be higher than that at 
which uncombined water evaporates. 
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fable 


XI. APPEND DC: 
. CcrapressivG 


DATi FO.. 
i test data 


ADOrnOML 


T.Sfo 




Standard 




Air dried 


hixture 


Force 
lbs . 


Stress 
lbs. /in. 


Force 
lbs . 


Stress p 
lbs. /in. 


A 


8440 


2110 


6520 


1630 


B 


5640 


I 4 l 0 


2270 


568 


C 


4300 


1075 


1915 


479 


D 


2705 


676 


1435 


359 


E 


1740 


435 


1350 


338 


? 


1497 


374 


850 


213 


G 


3 o 20 


905 


4335 


1084 


H 


3220 


605 


3957 


9O9 


I 


2530 


633 


3465 


866 



fable 15- Block orientation test 



Face 




Mixture 


A 




Mixture G 




Counts 


Dura- 

tion 


Count 
rate 
) (CfM) 


Counts 


Dura- 
tion 
(min. ) 


Count 

rate 

(CPM) 


1 


21635 


5 


4327 i 29 


20060 


5 


4012 + 28 


2 


21504 


5 


4301 + 29 


20325 


5 


4o65 ct 28 


3 


21616 


5 


4323 ± 29 


20242 


5 


4o48 28 


4 


21841 


5 


436S 1 30 


20ia7 


5 


4083 i 29 
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Tabic 


16. Detector 


shield repl 


.accmsr.t 


test 




Run 


normal arranfi:omer.t 


Elevated arran?’ement 




Cc lints Dura- 
tion 
(min. ) 


Ccimt rate 

(cpn) 


Counts 


Dura- 
tion 
(nin. ) 


Count rate 
(CHI) 


1 


29&16 5 


5969 1 34 


36157 


5 


7231 ± 38 


2 


29761 5 


5952 ± 34 


36012 


5 


7202 + 38 


3 


29745 5 


5959 + 34 


36100 


5 


7220 + 38 


4 


29749 5 


5950 ± 34 


36133 


5 


7227 + 38 



Table 17. 


Ice and paraffin tests 






weight 


Slow neutron 


Fast neutron 




( ‘!rs. ) 


counts 


counts 


Ice 


211.9 


2605^ ± 32 


2078 + 19 


Paraffin. 


216.7 


2558 t 31 


1998 ± 19 
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